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1. Introduction
For small color displays in portable devices, white LEDs have been used to provide one
of the most ideal back-light solutions. To drive white LEDs in portable devices, switched-
capacitor (SC) DC-DC converters (Bong (2009); Chung (2009); Doms (2009); Eguchi (2009a;
2010a;b); Gregoire (2006); Min (2002); Myono (2001); Park (2009); Starzyk (2001); Tanzawa
(1997); Wei (2008); Yamada (2004); Yamakawa (2008)) have been used, because the capacitor-
based converter can be designed without a magnetic element. Although the power efficiency
of capacitor-based converters is inferior to that of inductor-based converters such as buck
converters, boost converters, etc., inductor-less design enables capacitor-based converters to
realize thin circuit composition, light-weight, no flux of magnetic induction, and so on.
In previous studies, single-input SC converters realizing step-up conversion (Chung (2009);
Eguchi (2010b); Min (2002); Myono (2001); Park (2009); Starzyk (2001); Tanzawa (1997); Wei
(2008)) have been used as a driver circuit of white LEDs. However, the single-input SC power
converter is difficult to improve power efficiency by adjusting a voltage conversion ratio 1 ,
because the ratio of voltage conversion is predetermined by circuit structure. Therefore, the
single-input SC converter is difficult to realize long battery runtime.
To solve this problem, multiple-input parallel converters (Eguchi (2009b); Ishikawa (2007);
Kabe (2007); Qiu (2006)) using battery power supplies and clean energy power supplies have
been proposed, where solar energy is usually used in mobile devices as a clean energy source.
By converting solar energy, the multiple-input parallel converter can achieve long battery
runtime. However, the hardware-cost of the parallel converter increases in proportion to the
number of converter blocks although the parallel converter can be designed easily by con-
necting single SC DC-DC converters. Moreover, the parallel converter which consists of same
converter blocks is difficult to achieve the wide range of clean energy inputs, because the ratio
of the voltage conversion is predetermined by circuit structure although the value of input
voltages from solar-cells changes depending on the weather conditions. To utilize solar en-
ergy for back-lighting applications effectively, the SC DC-DC converter which can realize not
only small hardware-cost but also wide input-range is required.
In this chapter, a switched-capacitor-based serial DC-DC converter is proposed. The con-
verter consists of 2 converter blocks, where the Block-1 is the step-up/step-down SC DC-DC
1 To adjust the output voltage, pulse width modulation (PWM) scheme or on-resistance control scheme
is usually employed in the SC DC-DC converter.
2
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Fig. 1. Conventional single-input converter
Ratio Phase On Off
2×
Charging S3, S4, S5, S7 S1, S2, S6
Transfer S1, S3, S4, S6 S2, S5, S7
1.5×
Charging S2, S5, S7 S1, S3, S4, S6
Transfer S1, S3, S4, S6 S2, S5, S7
Table 1. Setting of clock pulses
converter using battery energy and the Block-2 is a quasi-switched-capacitor cell (Pan (2007))
using solar energy. The hardware-cost of the quasi-SC cell (Pan (2007)) is much smaller than
that of the conventional single-input converter (Chung (2009); Eguchi (2010b); Min (2002); My-
ono (2001); Park (2009); Starzyk (2001); Tanzawa (1997); Wei (2008)). Therefore, the proposed
converter can realize small hardware-cost. Furthermore, unlike conventional SC DC-DC con-
verters, the output voltage of the proposed converter is generated by adding the output volt-
age of the SC-based circuit to the voltage of solar-cells. In the Block-1, the voltage conversion
ratio is controlled according to the variation of the voltage of solar cells. Therefore, the pro-
posed converter can realize wide input-range.
Concerning the proposed serial converter, theoretical analyses and SPICE simulations are per-
formed to investigate the circuit characteristics. Furthermore, to confirm the validity of circuit
design, experiments are performed concerning the experimental circuit fabricated with com-
mercially available transistors on a bread board.
2. Circuit Structure
2.1 Single-Input Converter
Figure 1 shows an example of the single-input converter. The converter of figure 1 is one of
the most famous converters and is adopted for MAX1910, MAX1912 2 , and so on. According
to the control rule shown in Table 1, power switches S1 ∼ S7 in figure 1 are driven by 2-phase
clock pulses, synchronously. By controlling S1 ∼ S7, the conventional converter shown in fig-
ure 1 generates 1.5× /2× stepped-up voltages. However, as Table 1 shows, the single-input
converter is difficult to improve power efficiency further by adjusting a voltage conversion
2 MAX1910 andMAX1912 are 1.5× /2× step-up converters produced by Maxim Integrated Products. In
mobile back-lighting applications, the stepped-up voltage such as 4.75 ∼ 6.5V (Typ. =5V) is required
to drive some LEDs from the voltage of a lithium battery. The typical voltage of the lithium battery
used in the mobile equipments is about 3.7 V.
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Fig. 2. Conventional multiple-input parallel converter
ratio, because the ratio of the voltage conversion is predetermined by circuit structure. There-
fore, since the single-input converter only consumes energy stored in the battery, it is difficult
for the single-input converter to realize long battery runtime.
2.2 Parallel-Connected Converter
To realize long battery runtime, the multiple-input converter has been proposed (Ishikawa
(2007); Kabe (2007); Qiu (2006)). As described in (Ishikawa (2007); Kabe (2007); Qiu (2006)), the
multiple-input converter can be designed easily by connecting single-input DC-DC converters
in parallel.
Figure 2 shows an example of the multiple-input parallel converter designed by using
switched-capacitor (SC) techniques, where battery energy and solar energy are used as in-
put energy sources. The multiple-input converter can realize long battery runtime, because
the consumption of battery energy is suppressed by converting solar energy. However, the
hardware-cost of the parallel converter increases in proportion to the number of converter
blocks. Furthermore, the parallel converter which consists of same converter blocks is difficult
to realize the wide range 3 of clean energy inputs, because the ratio of the voltage conversion
is predetermined by the circuit structure of converter blocks although the voltage of solar-cells
changes depending on the weather conditions.
Of course, the parallel converters can achieve the wide input range by connecting different
kinds of converters according to input sources. However, although the wide input range is re-
alized by using different kinds of converters, the problem of hardware-cost cannot be solved.
To make matters worse, this approach not only causes the complexity of circuit control but
also ruins the simplicity of circuitry. To utilize solar energy effectively, the SC DC-DC con-
verter which can realize not only small hardware-cost but also wide input-range is required.
2.3 Proposed Converter
Figure 3 shows the proposed serial DC-DC converter. The converter consists of 2 converter
blocks, where the Block-1 is the step-up/step-down SCDC-DC converter using battery energy
and the Block-2 is a switched-capacitor-based converter using solar energy. Unlike conven-
tional converters, the output voltage of the proposed converter is generated by adding the
3 Only when Vin2 ≥ Vtag/2, the conventional converter of figure 2 can offer the stepped-up voltage Vtag
to drive some LEDs from clean energy power supplies. Concretely, the voltage from solar-cells, Vin2,
must be more than 2.5V when target output voltage Vtag is 5V.
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Fig. 3. Proposed dual-input serial converter
output voltage of an SC-based circuit to the voltage of solar-cells. According to the voltage of
solar-cells, the proposed converter changes the operation modes as shown in Table 2, where
Vtag (Typ. =5V) denotes the target output voltage (≃ 3Vin1/2) to drive LEDs.
To realize the operation modes shown in Table 2, power switches S1 ∼ S10 in figure 3 are
driven by 2-phase clock pulses, synchronously. By controlling S1 ∼ S10, the proposed con-
verter performs a step-up DC-DC conversion. Table 3 shows the setting of clock pulses. In
Table 3, the interval of Charging (= State− T1) and Trans f er (= State− T2) is set to
T = T1+ T2,
T1 = DT,
and T2 = (1− D)T, (1)
where D and T denote the duty factor and the period of the clock pulses, respectively.
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Table 2. Setting of conversion ratio
Phase On Off
Mode-1
Charging (State − T1) S1, S2, S3, S4 S5, S6, S7, S8, S9, S10
Transfer (State − T2) S5, S6, S7, S8 S1, S2, S3, S4, S9, S10
Mode-2
Charging (State − T1) S1, S2, S3, S4 S5, S6, S7, S8, S9, S10
Transfer (State − T2) S2, S6, S7 S1, S3, S4, S5, S8, S9, S10
Mode-3
Charging (State − T1) S1, S2, S3 S4, S5, S6, S7, S8, S9, S10
Transfer (State − T2) S7, S8, S9, S10 S1, S2, S3, S4, S5, S6
Table 3. Setting of clock pulses
Figure 4 shows the comparison concerning the input range of figures 2 and 3. As figure 4
shows, the proposed converter can extend the input range of Vin2 from Vin2 ≥ Vtag/2 to
Vin2 ≥ Vtag/3. Concretely, in comparison with the conventional parallel converter using 1.5×
step-up converters, the proposed converter can achieve 16% extension of input range.
Furthermore, the proposed converter can realize small hardware-cost. Table 4 shows the com-
parison concerning the hardware-cost of figures 2 and 3. As Table 4 shows, the hardware-cost
of the proposed converter is less than 80 % of that of the conventional converter.
The circuit properties of the proposed serial converter will be described in the following sec-
tion.
3. Theoretical Analysis
First, the equivalent circuit of the proposed converter is analyzed. To save space, only the
analysis for Mode-1 is described in this section 4 . In the theoretical analysis, we assume that
1. parasitic elements are negligibly small and 2. time constant is much larger than the period
of clock pulses.
Figure 5 shows instantaneous equivalent circuits of the proposed converter. In figure 5, Ron
5
denotes the on-resistance of power switches.
4 The theoretical analysis for Mode-2 and Mode-3 will be described in Appendix.
5 SC power converters are known as an implementable converter, because they do not require magnetic
elements. In the converter block implemented into a chip, the direction of fluctuation in on-resistances
is almost the same. Therefore, to simplify the theoretical analysis, we assume that all the power switches
have the same on-resistances.
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Table 4. Comparison concerning hardware cost
In the steady state of figure 5, differential values of the electric charges in Ck (k = {1, 2, 3, 4})
satisfy
∆qkT1 + ∆q
k
T2 = 0, (2)
where ∆qkT1 and ∆q
k
T2 denote electric charges when State − T1 and State − T2, respectively. In
the case of State − T1, differential values of the electric charges in the input and the output
terminals, ∆qT1,Vin1 , ∆qT1,Vin2 , and ∆qT1,Vout , are given by
∆qT1,Vin1 = ∆q
1
T1 = ∆q
2
T1,
∆qT1,Vin2 = ∆q
3
T1,
and ∆qT1,Vout = ∆q
4
T1. (3)
On the other hand, in the case of State − T2, differential values of the electric charges in the
input and the output terminals, ∆qT2,Vin1 , ∆qT2,Vin2 , and ∆qT2,Vout , are given by
∆qT2,Vin1 = 0,
∆qT2,Vin2 = 0,
and ∆qT2,Vout = ∆q
1
T2 + ∆q
2
T2 + ∆q
4
T2. (4)
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Fig. 5. Instantaneous equivalent circuits when 2Vtag/3 ≤ Vin2
Furthermore, in figure 5, the following condition is satisfied:
∆q3T2 = ∆q
1
T2 + ∆q
2
T2. (5)
Here, average currents of the inputs and the output are given by
Iin1 = (∆qT1,Vin1 + ∆qT2,Vin1 )/T
≡ ∆qVin1/T,
Iin2 = (∆qT1,Vin2 + ∆qT2,Vin2 )/T
≡ ∆qVin2/T,
and Iout = (∆qT1,Vout + ∆qT2,Vout )/T
≡ ∆qVout/T, (6)
where ∆qVin1 , ∆qVin2 , and ∆qVout are electric charges in the input terminal-1, the input terminal-
2, and the output terminal, respectively. From equations (2) ∼ (6), the relation between the
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Fig. 7. Equivalent circuit of proposed converter
input currents and the output current are derived:
Iin1 = −
1
2
Iout
and Iin2 = −Iout. (7)
In figure 5, the energy consumed by resistors in one period, WT , can be expressed as
WT = WT1 + WT2, (8)
where
WT1 =
3Ron
T1
(∆q1T1)
2 +
Ron
T1
(∆q3T1)
2 (9)
and WT2 =
2Ron
T2
(∆q1T2)
2 +
2Ron
T2
(∆q2T2)
2. (10)
From equations (2) ∼ (7), equations (9) and (10) can be rewritten as
WT1 =
7Ron
4DT
(∆qVout )
2 (11)
and WT2 =
Ron
(1− D)T
(∆qVout )
2. (12)
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Table 5. Theoretical results of other conversion ratios
Here, a general equivalent circuit of SC power converters (Eguchi (2009a;b; 2010a;b)) can be
given by the circuit shown in figure 6, where RSC is called the SC resistance, M is the ratio of
an ideal transformer, and Vin and Vout denote the averaged input voltage and the averaged
output voltage, respectively. The consumed energy WT in figure 6 can be defined by
WT = WT1 + WT2
≡ (
∆qVout
T
)2 · RSC · T. (13)
By substituting equations (11) and (12) into equation (13), SC resistance RSC for Mode-1 is
given by
RSC =
7− 3D
4D(1− D)
· Ron. (14)
The equivalent circuit shown in figure 6 can be expressed by the determinant using
the Kettenmatrix. Therefore, by using equations (7) and (14), the equivalent circuit of the
proposed step-up converter can be given by the circuit shown in figure 7 and the following
determinants: [
Vin1
Iin1
]
=
[
1/M1 0
0 M1
] [
Vo1
Iout
]
, (15)
[
Vin2
Iin2
]
=
[
1/M2 0
0 M2
] [
Vo2
Iout
]
, (16)
[
Vo1 + Vo2
Iout
]
=
[
1 RSC
0 1
] [
Vout
−Iout
]
, (17)
where M1 = 1/2 and M2 = 1. To save space, only the conversion mode in the case of
2Vtag/3 ≤ Vin2 was discussed in this section. However, other cases can also be analyzed by
the same method. Table 5 shows parameters M1, M2, and RSC of other modes.
By using equations (15) ∼ (17) and figure 7, power efficiency η 6 can be expressed by
η =
RL(Iout)
2
RL(Iout)2 + RSC(Iout)2
=
RL
RL + RSC
, (18)
6 Of course, the consumed energy of peripheral circuits such as pulse generators, comparators, etc. is
disregarded in the power efficiency of equation (18).
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Fig. 8. Output voltage of proposed converter
where the optimal value of parameter D is obtained when
dRSC
dD
= 0 and 0 < D < 1. (19)
Concretely, from equations (14) and (19), the optimal duty factor is D ≃ 0.57 for Mode-1.
4. Simulation
To confirm the validity of the theoretical analysis, SPICE simulations were performed under
conditions where where Vin1 = 3.7V, C1 ∼ C4 = 2 µF, T = 1 µs, D = 0.5, and Ron = 2 ohm.
Figure 8 shows the output voltage of the proposed converter, where the output voltage was
not regulated. In figure 8, input voltage Vin2 for Mode-1 and Mode-2 was set to Vin2 = Vin1
and Vin2 = Vin1/2, respectively. As figure 8 shows, in spite of the change in Vin2, the proposed
converter can generate the stepped-up output voltage. In other words, the proposed converter
can realize wide input-range of Vin2.
Figure 9 shows the power efficiency of the proposed converter as a function of output load RL.
In figure 9, input voltageVin2 forMode-1 andMode-2was set toVin2 = Vin1 andVin2 = Vin1/2,
respectively. As figure 9 shows, theoretical results correspond well with simulated results.
For this reason, the derived theoretical formulas will be helpful to design the series converter.
Of course, the power efficiency can be improved by using power-switches with small on-
resistance.
5. Experiment
To confirm the validity of circuit design, experiments were performed regarding to the pro-
posed converter shown in figure 3. The experimental circuit was built with commercially
available transistors on a bread board.
Figures 10, 11, and 12 show the experimental results of the bread board circuit, where input
voltages capacitors Vin1 = 3.7V, C1 ∼ C4 = 3.3µF, RL = 10kohm, T = 100µs, and D = 0.5.
In figures 10, 11, and 12, input voltage Vin2 was set to about 3.7V, 1.8V, and 0V, respectively.
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As these figures show, the circuit design of the proposed converter is appropriate, because the
stepped-up voltage about 5V can be generated 7 .
6. Conclusion
In this chapter, a serial SC DC-DC converter using clean energy power supplies has been
proposed.
The validity of the circuit design was confirmed by theoretical analyses, SPICE simulations,
and experiments. The proposed converter can realize not only long battery runtime but also
small hardware-cost and wide input-range. Concretely, in comparison with the conventional
parallel converter using 1.5× step-up SC converters, the proposed converter can achieve 20%
7 In the experiment, the circuit properties such as power efficiency, ripple noise, etc. were not examined,
because the experimental circuit was built with commercially available transistors on the bread board.
Only the circuit design was verified through the experiments, because the parasitic resistance of the
bread board is very large unlike an IC chip.
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reduction of hardware cost and 16% extension of input range. Furthermore, the derived theo-
retical formulas can provide basic information to design serial SC DC-DC converters, because
theoretical results corresponded well with SPICE simulation results. The proposed converter
will be useful as a driver circuit of white LEDs for display back-lighting.
The IC implementation and experiments are left to a future study.
Appendix
Theoretical analysis for Mode-2
In this section, the characteristics of the proposed converter for Vtag/3 ≤ Vin2 < 2Vtag/3 is
analyzed theoretically. The conditions of this theoretical analysis are the same as that shown
in section 3.
Figure 13 shows the instantaneous equivalent circuits for Mode-2. In the steady state, the
differential value of electric charges in Ck (k = {1, 2, 3, 4}) satisfies equation (2). In the case
of State − T1, differential values of electric charges in the input terminals and the output
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Fig. 13. Instantaneous equivalent circuits when Vtag/3 ≤ Vin2 < 2Vtag/3
terminal, ∆qT1,Vin1 , ∆qT1,Vin2 , and ∆qT1,Vout , are given by
∆qT1,Vin1 = ∆q
1
T1 − ∆q
2
T1,
∆qT1,Vin2 = ∆q
3
T1,
and ∆qT1,Vout = ∆q
4
T1. (20)
In the case of State − T2, differential values of electric charges in the input terminals and the
output terminal, ∆qT2,Vin1 , ∆qT2,Vin2 , and ∆qT2,Vout , are given by
∆qT2,Vin1 = 0,
∆qT2,Vin2 = 0,
and ∆qT2,Vout = ∆q
1
T2 + ∆q
4
T2 = ∆q
2
T2 + ∆q
4
T2 = ∆q
3
T2 + ∆q
4
T2. (21)
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By substituting equations (2), (20), and (21) into equation (6), the following equations are
derived:
Iin1 = −Iout and Iin2 = −Iout. (22)
In figure 13, the energy consumed by resistors in one period, WT , can be expressed as
WT = WT1 + WT2, (23)
where
WT1 =
3Ron
T1
(∆q1T1)
2 +
Ron
T1
(∆q3T1)
2
and WT2 =
3Ron
T2
(∆q1T2)
2.
From equations (2), (20), and (21), equation (23) can be rewritten as
WT =
4Ron
DT
(∆qVout )
2 +
3Ron
(1− D)T
(∆qVout )
2. (24)
Thus, from equations (13) and (24), the SC resistance RSC is given by
RSC =
(4− D)Ron
D(1− D)
. (25)
Therefore, by using equations (22) and (25), the equivalent circuit can be expressed by the
circuit shown in figure 7 and equations (15) ∼ (17), where M1 = 1 and M2 = 1. The power
efficiency can also be obtained by equation (18), where the optimal duty factor is D ≃ 0.67
when Vtag/3 ≤ Vin2 < 2Vtag/3.
Theoretical analysis for Mode-3
Next, the characteristics of the proposed converter for 2Vtag/3 ≤ Vin2 is analyzed theoretically.
Figure 14 shows the instantaneous equivalent circuits when Mode-3. In the steady state, the
differential value of electric charges in Ck (k = {1, 2, 3, 4}) satisfies equation (2). In the case of
State − T1, ∆qT1,Vin1 , ∆qT1,Vin2 , and ∆qT1,Vout , are given by
∆qT1,Vin1 = ∆q
1
T1 = ∆q
2
T1,
∆qT1,Vin2 = 0,
and ∆qT1,Vout = ∆q
4
T1. (26)
On the other hand, in the case of State − T2, ∆qT2,Vin1 , ∆qT2,Vin2 , and ∆qT2,Vout , are given by
∆qT2,Vin1 = −∆q
2
T1 − ∆q
2
T2,
∆qT2,Vin2 = 0,
and ∆qT2,Vout = ∆q
1
T2 + ∆q
2
T2 + ∆q
4
T2. (27)
By substituting equations (2), (26), and (27) into equation (6), the following equation is de-
rived:
Iin1 = −
3
2
Iout and Iin2 = 0. (28)
Vin2
C3
C1
C2
Vin1
Vout
C4Ron
Ron
Ron
q ,Vin2
q ,Vin1 q ,Vout
Vin2
C3
C1
C2
Vin1
Vout
C4
q ,Vin1
q ,Vin2
Ron
Ron
Ron
Ron
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C4Ron
Ron
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∆qΤ1,Vin1 ∆qΤ1,Vout
(a) State − T1
Vin2
C3
C1
C2
Vin1
Vout
C4
∆qΤ2,Vin1
∆qΤ2,Vin2
Ron
Ron
Ron
Ron
(b) State − T2
Fig. 14. Instantaneous equivalent circuits when 2Vtag/3 ≤ Vin2
In figure 14, the energy consumed by resistors in one period, WT , can be expressed as
WT = WT1 + WT2, (29)
where
WT1 =
3Ron
T1
(∆q1T1)
2
and WT2 =
2Ron
T2
(∆q1T2)
2 +
2Ron
T2
(∆q2T2)
2.
From equations (2), (26), and (27), equation (29) can be rewritten as
WT =
3Ron
4DT
(∆qVout )
2 +
Ron
(1− D)T
(∆qVout )
2. (30)
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Thus, from equations (13) and (30), the SC resistance RSC is given by
RSC =
(3+ D)Ron
4D(1− D)
. (31)
Therefore, by using equations (28) and (31), the equivalent circuit can be expressed by the
circuit shown in figure 7 and equations (15) ∼ (17), where M1 = 3/2 and M2 = 0. The power
efficiency can also be obtained by equation (18), where the optimal duty factor is D ≃ 0.46
when 2Vtag/3 ≤ Vin2.
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